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The replication of the retrovirus human T-cell leukemia virus type 1 (HTLV-1) is linked to the development
of lymphoid malignancies and inflammatory diseases. Data from in vitro, ex vivo, and in vivo studies have
revealed that no specific treatment can prevent or block HTLV-1 replication and therefore that there is no
therapy for the prevention and/or treatment of HTLV-1-associated diseases in infected individuals. HTLV-1
and human immunodeficiency virus type 1 (HIV-1) integrases, the enzymes that specifically catalyze the
integration of these retroviruses in host cell DNA, share important structural properties, suggesting that
compounds that inhibit HIV-1 integration could also inhibit HTLV-1 integration. We developed quantitative
assays to test, in vitro and ex vivo, the efficiencies of styrylquinolines and diketo acids, the two main classes of
HIV-1 integrase inhibitors. The compounds were tested in vitro in an HTLV-1 strand-transfer reaction and ex
vivo by infection of fresh peripheral blood lymphocytes with lethally irradiated HTLV-1-positive cells. In vitro,
four styrylquinoline compounds and two diketo acid compounds significantly inhibited HTLV-1 integration in
a dose-dependent manner. All compounds active in vitro decreased cell proliferation ex vivo, although at low
concentrations; they also dramatically decreased both normalized proviral loads and the number of integration
events during experimental ex vivo primary infection. Accordingly, diketo acids and styrylquinolines are the
first drugs that produce a specific negative effect on HTLV-1 replication in vitro and ex vivo, suggesting their

potential efficiency for the prevention and treatment of HTLV-1-associated diseases.

Human T-cell leukemia virus type 1 (HTLV-1) and human
immunodeficiency virus type 1 (HIV-1) are exogenous retro-
viruses pathogenic for humans. Although both viruses are lym-
photropic, their pathogenicities depend on strongly distinct
mechanisms. Schematically, in vivo, HIV infection triggers the
progressive elimination of CD4" lymphocytes, leading to im-
munosuppression, whereas HTLV-1 infection is associated
with the clonal expansion of infected cells, possibly leading to
malignant CD4™" proliferation or to spinal cord infiltration,
infection, and inflammation. Clinically, HIV-induced cellular
defects are regularly linked to the development of AIDS,
whereas in a minority of carriers, HTLV-1 infection causes
adult T-cell leukemia/lymphoma (ATLL) and/or tropical spas-
tic paraparesis/HTLV-1-associated myelopathy (TSP/HAM).
The median length of survival for patients with AIDS receiving
modern treatment, i.e., triple therapy, is currently over 8 years;
in contrast, the prognosis for HTLV-1-associated diseases re-
mains extremely poor. To date, there is no effective treatment
for TSP/HAM (32), while the median overall length of survival
for patients with ATLL does not exceed a few months (3).

Integration of a DNA copy of the viral RNA genome into
host cellular DNA is essential and unique to the retroviral life
cycle. After completion of reverse transcription, the retroviral
integrase (IN) catalyzes the removal of a dinucleotide from
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each 3’ end of the linear viral cDNA (processing reaction) (11,
28). Newly generated 3'-OH groups are then used to attack
two phosphodiester bonds in the host DNA molecule, resulting
in staggered cuts in the target molecule and covalent linkage
between the 3’ ends of the viral genome and the host DNA (18,
35). This strand-transfer reaction is also mediated by IN. The
steps required for transformation of this intermediate into a
covalently closed double strand are currently not fully under-
stood; it is assumed that host proteins are involved (48). To-
gether, these events result in a provirus that displays the hall-
marks of integrated retroviral DNA, i.e., a lack of 2 bp in each
long terminal repeat (LTR) end of the viral sequence and a
short duplication of the flanking host sequences, the length of
which is specific to each individual retrovirus. In addition to
being involved in processing and strand-transfer reactions, IN
catalyzes the so-called disintegration reaction that is actually a
reversal of the in vitro strand-transfer reaction (9).

Triple therapy, commonly referred to as highly active anti-
retroviral therapy, has become the standard treatment for HIV
infection. It consists of a protease inhibitor or a nonnucleoside
reverse transcriptase inhibitor combined with two nucleoside
reverse transcriptase inhibitors. Highly active antiretroviral
therapy, however, is often ill-tolerated by the patients. It re-
quires compliance, is expensive, and leads to multidrug resis-
tance (43). Therefore, additional therapeutic approaches have
been optimized. One such new approach targets the third viral
enzyme, IN. Several compounds have been found to inhibit
HIV IN in vitro and ex vivo, whereas recent clinical trials have
demonstrated the feasibility of the use and the efficacies of IN
inhibitors in humans (22).
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Styrylquinolines (SQLs) and diketo acids (DKAs) are two
main classes of HIV-1 IN inhibitors. They block proviral inte-
gration through distinct mechanisms: SQLs chelate the diva-
lent metal (Mg®* or Mn*") in the IN catalytic core domain.
DKAs are also thought to bind to the divalent metal ions in the
IN active site (23) and compete with target DNA. SQLs share
a quinoline substructure linked to an aryl nucleus displaying
various hydroxy substitution patterns. These efficient in vitro
IN inhibitors act on both 3" processing and strand-transfer
activities (6, 50), probably interfering with LTR-IN binding
(42) through a competitive inhibition mechanism (16). SQLs
also interfere with the accumulation of viral DNA during re-
verse transcription (6) and with the nuclear transport of the
preintegration complex (39). DKAs compete with target DNA
and therefore specifically inhibit the strand-transfer reaction
without significantly interfering with 3’ processing (19, 24).
These compounds, which not only abolish productive infection
but also promote the accumulation of large amounts of circular
DNA forms incapable of integration, consequently affect viral
DNA integration. Mutations conferring resistance to SQLs or
DKAs in cell culture have been identified within IN proteins,
thus demonstrating the specificity of their activity (43). The
effects of SQL and DKA molecules on HTLV-1 integration
have not been tested. As retroviral INs share many structural
properties, we hypothesized that potent HIV-1 IN inhibitors
such as SQLs and DKAs could also inhibit HTLV-1 integra-
tion.

Anti-HIV reverse transcriptase and/or protease drugs have
been found to be inefficient against HTLV-1 replication, and
no specific anti HTLV-1 compound has been developed to
date. In the study described here, we tested HIV IN inhibitors
against HTLV-1 in vitro and in vivo. By using specific assays
designed to monitor the effects of IN inhibitors in vitro and in
vivo, we demonstrated that some HIV IN inhibitors are effi-
cient against HTLV-1 replication, thus encouraging the use of
these drugs in clinical tests.

MATERIALS AND METHODS

In vitro strand-transfer reaction. We tested the effects of seven distinct SQL
derivatives and two distinct DKAs on HTLV-1 integration in vitro and ex vivo
(Fig. 1). The SQLs tested were synthesized as described previously (33, 50). They
corresponded to KH161, KH211, FZ41, FZ149, KH227, FZ123, and FZ55. Their
effects on HIV-1 IN have been described previously (5, 10, 13, 20, 33, 40, 41). The
two DKAs, a kind gift from Merck, were L-731,988 and L-839,616. Their for-
mulas and their effects on HIV-1 IN have also been described previously (8, 15,
44). In vitro strand-transfer reactions were carried out in triplicate, as described
previously (31), in the presence of increasing concentrations of the compounds
and as shown in Fig. 2A. These compounds are KH161, KH211, FZ41, FZ149,
KH227, FZ123, and FZ55, which correspond to the SQLs, and L-731,988 and
L-839,616, which correspond to the DKAs. The same batches of each of the nine
compounds were used. Their formulas and their effects on HIV-1 IN have been
published elsewhere (24, 33, 50). The synthetic double-strand target sequence
was similar to that of the naturally curved kinetoplast DNA containing short
(5-bp) oligo(dA)-oligo(dT) tracts every 10 to 11 bp separated by the base pairs
GGCC/CCGG (45) and displayed hot spots for HTLV-1 integration in vitro (31).
This 50-bp target is encompassed by two 20-bp conserved primer-specific se-
quences. The double-strand 3" HTLV-1 LTRs were recessed at the 3’ end and
corresponded to the last 54 bp of the HTLV-1 wild-type provirus. Recombinant
HTLV-1 IN was purified from Escherichia coli BL21(DE3), as described previ-
ously (1, 27, 31). Briefly, HTLV-1 IN containing plasmid pET22B, a gift from
Coleen B. Jonsson, was expressed in BL21(DE3) cells, purified by using nickel
nitrilotriacetate agarose (Qiagen, Chatsworth, CA), and then transferred to
dialysis membrane tubes with a molecular mass cutoff of 10,000 Da (Spectra/Por;
Spectrum Laboratories Inc.). The reaction mixtures were incubated at 37°C for
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60 min in 15-ml reaction volumes containing the appropriate concentration of IN
and 1 pmol of each oligonucleotide under the following buffer conditions: 25 mM
HEPES (pH 7.4), 10 mM B-mercaptoethanol, 10% glycerol, and 7.5 mM MnCl,.
The integration products were amplified by PCR with a fluorescent primer
specific for the LTR combined with one of two primers complementary to the
two conserved extremities of the target sequence (Fig. 2A). The amplified prod-
ucts were resolved on an Applied Biosystems 377 DNA sequencer with Genescan
software (resolution, 0.15 bp). Approximate 50% inhibitory concentrations
(ICsos) were calculated by linear regression.

Ex vivo infection with HTLV-I. Fresh peripheral blood mononuclear cells
(PBMCs) were separated from HTLV-1-negative patient blood samples by
Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) density gradient centrifugation.
HTLV-1 transmission was performed by coculturing the PBMCs with lethally
irradiated (60 Gy) HTLV-1-positive MT2 cells at a ratio of 5:1, as described
elsewhere (2, 49). MT2 is a cell line chronically infected with HTLV-1 (34).
Cocultures were maintained in six-well plates in 4 ml of RPMI 1640 medium
(Gibco, Paisley, United Kingdom) containing 100 U/ml of recombinant interleu-
kin 2 in the presence or absence of increasing concentrations of SQLs or DKAs,
which were dissolved in dimethyl sulfoxide.

PCRs. Quantitative measurement of the HTLV-1 proviral loads in the PBMCs
was performed by real-time quantitative PCR with DNA extracted from PBMCs
as described previously by using the primers and the TagMan probe positioned
on the tax gene and albumin gene for normalization (37). TagMan amplification
was carried out in reaction volumes of 25 pl with a qPCR MasterMix (Eurogen-
tec, Leuven, Belgium). Each sample was analyzed in triplicate with the use of 250
ng of DNA in each reaction. Thermal cycling was initiated with a 2-min incuba-
tion at 50°C, followed by a first denaturation step of 10 min at 95°C and then 45
cycles at 95°C for 15 s and 58°C for 1 min for the tax gene (or 60°C for 1 min for
the albumin gene). Inverse PCR, which consists of the amplification of the 3’
extremities of the integrated proviruses with their flanking host sequences, was
carried out with the extracted DNA as described previously (37). One microgram
of DNA was digested with 20 U NlalIl (New England Biolabs, Montigny-Le-
Bretonneux, France) in 1X NlallI buffer for 3 h at 37°C. DNA was extracted with
phenol-chloroform (1:1) and precipitated with 100% ethanol. The digested DNA
was circularized for 16 h at 16°C with 20 U of T4 DNA ligase (New England
Biolabs) in 600 wl of 1X T4 DNA ligase buffer and 1 mM ATP. DNA was
extracted with phenol-chloroform (1:1) and precipitated with 100% ethanol. Five
hundred nanograms of circularized DNA was amplified for 30 cycles with the use
of 200 uM of primer pair BIO6 (5'-CTCCTGCTAGTTTATTGAGCCATA-3';
positions 8621 to 8598) and LTR1 (5'-TCGCATCTCTCCTTCACGCG-3'; po-
sitions 8657 to 8675) (the nucleotide coordinates are numbered according to the
HTLV-1 ATK-1 reference sequence). Thermal cycling parameters were as fol-
lows: 96°C for 10 min and 30 cycles of 96°C for 60 s, 58°C for 60 s, and 72°C for
3 min, followed by a final elongation step of 10 min at 72°C. The length poly-
morphism generated by PCR amplification of the HTLV-1 flanking sequences
was analyzed by the linear PCR amplification of both the 3’ extremity of the
provirus and its flanking sequence (runoff). Two microliters of the amplified
product was submitted to 10 cycles of linear PCR with 2 uM of primer BIOS5
(5'-TGGCTCGGAGCCAGCGACAGCCCAT-3'; positions 8995 to 9020) ra-
diolabeled with *?P at the 5’ end, 1 U of the Stoffel fragment of Tag DNA
polymerase (Perkin-Elmer Applied Biosystems, Courtaboeuf, France), and 200
M of each deoxynucleoside triphosphate in a final volume of 20 pl. The thermal
cycling parameters were as follows: 95°C for 10 min and 10 cycles of 95°C for 60 s,
58°C for 60 s, and 72°C for 3 min, followed by a final elongation step of 10 min
at 72°C. After the mixture was boiled, 2 pl of the runoff products was analyzed
on a 6% sequencing gel.

RESULTS

Targeting HTLV-1 integration in vitro. The effects of the
SQLs and DKAs on HTLV-1 integration were first tested in
vitro. As DKAs mainly interfere with strand transfer rather
than with 3’ processing (24) and in order to subsequently
compare the IN-inhibitory efficiencies of the SQLs and DKAs,
we tested the effects of the SQLs and DKAs on the strand-
transfer reaction, i.e., on the integration of 3'-recessed double-
strand 3" HTLV-1 LTRs (54 bp) within a double-strand target
DNA sequence. Strand-transfer reactions were carried out as
detailed above (Fig. 2A). The compounds did not interfere
with the fluorescent PCR rates (data not shown); they were
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FIG. 1. SQLs and DKA used for inhibition of HTLV-1 integration.

used at various concentrations, including those known to in-
hibit HIV-1 strand transfer.

Effects of IN inhibitors on the strand-transfer reaction cat-
alyzed by the HTLV-1-encoded IN. Typical results for HTLV-1
strand-transfer inhibition by SQL derivatives FZ41 and FZ149
are shown in Fig. 2B and C. The approximate ICs,s of FZ41
and FZ149 for HIV-1 3’ processing are 0.7 pM and 4.9 pM,
respectively (50). We performed HTLV-1 strand-transfer re-
actions with FZ41 or FZ149 at 0, 2, 5, and 10 pM (three
experiments per concentration); Fig. 2C shows that both FZ41
and FZ149 displayed clear concentration-dependent strand-
transfer-inhibitory activities in vitro (Fig. 2B and C). Both
compounds significantly reduced the overall strand-transfer
efficiency without interfering with the position of HTLV-1 3’

LTR integration along the 50-bp target DNA sequence in vitro
(Fig. 2B). Data from triplicate experiments permitted a regres-
sion line to be drawn (Fig. 2C) and, thereby, the calculation of
the 50% strand-transfer-inhibitory concentrations (the approx-
imate ICss; Fig. 2C), which were 5.2 uM and 7.2 pM for FZ41
and FZ149, respectively. The same procedure was repeated
with the remaining five SQL derivatives and the two DKAs.
KH161 and KH211 were tested in triplicate at the same three
concentrations of FZ149 and FZ41 used (Fig. 2B). KH227,
FZ123, and FZ55 were tested in triplicate at 10, 20, and 50 pM.
The two DKAs were tested in triplicate at 20, 50, and 100 nM.
Table 1 summarizes the approximate ICsys obtained for all
nine compounds tested. None interfered with the integration
position of synthetic HTLV-1 double-strand 3’ LTRs along the
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FIG. 2. Targeting of HTLV-1 integration in vitro. (A) In vitro strand-transfer reactions catalyzed by HTLV-1 IN were performed with synthetic
viral and target DNA molecules and various concentrations of SQLs or DKAs. The reaction products were quantified by fluorescent PCR.
(B) Fluorescent PCR quantification of HTLV-1 strand transfer in the presence of increasing concentrations (0, 2, 5, and 10 uM) of the SQL
derivative FZ41. Experiments were performed in triplicate, as shown by the electropherogram. Each peak represents a hot spot for HTLV-1
integration within the target DNA (see the text for details). (C) Concentration-dependent inhibition of the strand-transfer reaction catalyzed by
recombinant HTLV-1 IN in the presence of compounds FZ41 and FZ149. The mean peak intensities from triplicate experiments were plotted as
a function of the corresponding inhibitor concentrations.

target double-strand DNA sequence. The mean approximate fore considered to possess no significant inhibitory effect on
ICs, of the seven SQL compounds was 20 = 7 pM, and the the HTLV-1 IN.

ICs, range was 4.9 to 52.5 uM. Four compounds (KH161, Possible structure-function relationship of IN inhibitor for
KH211, FZ41, and FZ149) inhibited the strand-transfer reac- blocking HTLV-1 strand-transfer reaction. It appears from
tion at low concentrations (mean approximate 1Cs,, 6.2 uM;  Fig. 1 that some structural characteristics distinguished the

range, 4.9 pM [for KH161] to 7.4 uM [for KH211]), whereas  three inefficient SQL derivatives from their efficient counter-
the remaining three compounds (KH227, FZ123, and FZ55)  parts. Indeed, the unique characteristic of KH227 was the
had ICsgs greater than approximately 10 uM and were there- presence of a carboxy radical at position 5 of the quinoline
moiety. FZ123 was the sole SQL compound that harbored two
quinoline nuclei. Finally, FZ55 displayed the highest approxi-
mate ICs, and was characterized by the presence of a hydroxyl
radical and a methoxy radical at positions 4 and 3 of the aryl

TABLE 1. Inhibitory concentrations of SQLs and DKAs on
HTLV-1 strand-transfer reaction

Approximate

Compound IC.. (1sM) nucleus, respectively. The four SQL derivatives active against
= HTLV-1 IN in vitro have been found to significantly inhibit the
SQLs HIV-1 IN, with a mean approximate ICs, of 1.725 uM (50).

Interestingly, FZ55, which does not inhibit HTLV-1 strand
transfer, possesses an approximate ICs, of 2.8 uM for the
HIV-1 IN in vitro (33, 50). To our knowledge, there are no
published data on the activities of KH227 and FZ123 against
HIV-1 IN. For the DKAs, the approximate 1Cs,s of L-731,988
and L-839,616 were 0.051 uM and 0.069 wM, respectively. As
reported above for the effective SQLs, the active DKAs did not
modify the integration position of the HTLV-1 3" LTR along
the target DNA double-strand sequence. For HTLV-1 integra-
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tion in vitro, the mean approximate ICs, of the effective DKAs
was 100 times lower than that of the four effective SQLs. For
HIV-1 IN inhibition, the approximate ICsys of L-731,988 and
L-839,616 are 0.05 uM and 0.17 wM, respectively (24). There-
fore, in contrast to the active SQLs in vitro, which exhibit
approximate ICsys more than three times higher for HTLV
than for HIV, the active DKAs (compound L-839,616) may be
more efficient against the HTLV IN than against the HIV-1
enzyme in vitro. Together, these experiments demonstrate for
the first time that some SQLs and DKAs are potent inhibitors
of HTLV-1 integration in vitro. This led us to test the potential
inhibitory effects of these products in vivo, i.e., on the inter-
cellular transmission of HTLV-1 and on its cell-associated
expansion and amplification.

Testing of IN inhibitors on HTLV-1 replication ex vivo. In
contrast to HIV replication, HTLV-1 intercellular transmis-
sion depends on a close intercellular contact that facilitates the
transmission of the virus through the recently described viro-
logical synapse (26). After viral entry, reverse transcription,
and integration, the second hallmark of HTLV-1 replication is
the cell-associated expansion and amplification of the HTLV
provirus (36). This clonal expansion of HTLV-1-infected cells
is in strong contrast to the cellular depletion associated with
HIV replication ex vivo. Coculture of irradiated HTLV-1-pos-
itive cells with uninfected lymphocytes is the most appropriate
model of HTLV-1 infection in vivo: it incorporates both
HTLV-1 intercellular transmission and the subsequent clonal
expansion of newly infected cells (30). Accordingly, HTLV-1
transmission was performed in the present study by coculturing
PBMC:s from healthy adult donors who were seronegative for
HTLV-1 and -2, HIV, hepatitis B virus, and hepatitis C virus
with lethally irradiated MT?2 cells, as detailed in the Materials
and Methods section. Each MT2 cell was found to harbor 18
integrated proviruses (Fig. 3), and at day 7 of coculture of fresh
PBMC:s with irradiated MT?2 cells, inverse PCR failed to detect
any MT2-specific HTLV-1 integration site; at this time point,
the proviral copies detected corresponded to those from newly
infected cells (Fig. 3). Five compounds were selected for use in
the in vivo assays. Selection was based on a combination of low
toxicity (50% cytotoxic concentration [CCs,; >100 wM] and
high efficiency in vitro (approximate ICs,, <10 pwM). The
CCsos were assessed with uninfected PBMCs. Accordingly,
KH227, FZ123, and FZ55 were excluded on the basis of their
low inhibitory effects in vitro (Table 1), whereas KH211, al-
though it displayed a low approximate I1Cs,, was not tested on
the basis of its low CCs, (10.7 uM) (33). The toxicities of
L-731,988 and 1.-839,616 were assessed by cultivating fresh
PBMC:s with various concentrations of each IN inhibitor. Cel-
lular viability was assessed at 250, 500, and 1,000 wM (three
experiments per concentration). The CCsy,s of L-731,988 and
L-839,616 were 520 and 220 wM, respectively. Therefore,
KH161, FZ41, FZ149, L-731,988, and L-839,616 combined low
cellular toxicity with significant antiviral effects in vitro and
were tested for their antiviral effects ex vivo. To this end,
selected SQLs and DKAs were added at final concentrations of
0, 50, 100, and 250 pM at the onset of the culture and then at
half the initial concentrations 4, 7, and 10 days postinfection to
ensure the presence of constant drug levels in the culture
medium in the early phase of infection. We assessed the effects
of the IN inhibitors on cell growth kinetics by measuring cell
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FIG. 3. Distribution of HTLV-1 integration and clonality during
experimental infection of PBMCs with irradiated HTLV-1-positive
MT?2 cells. Inverse PCRs were carried out with DNA extracted from
MT?2 cells (lane MT2), from PBMCs before coculture (lane PBMC)
and after coculture with irradiated MT2 cells (lane PBMC + MT2), as
detailed in the text. The DNA of peripheral blood lymphocytes ob-
tained from an additional uninfected donor served as a negative con-
trol (lane Control). Lane M, molecular weight marker.

counts for each compound concentration on days 7, 14, and 21
of coculture. Figure 4 shows that each compound inhibited cell
growth in a concentration-dependent manner.

Effects of SQLs and DKAs on overall HTLV-1 proviral loads
ex vivo. The antiviral effects of the IN inhibitors on the overall
proviral loads were first evaluated after coculture of fresh
PBMCs from uninfected donors with irradiated MT2 cells.
Viral loads were measured on day 7 by real-time quantitative
PCR (47). In the absence of inhibitor, the HTLV-1 proviral
loads on day 7 of coculture ranged from 0.5 to 12 copies per
cell (data not shown). It is clear from Fig. 5 that IN inhibitors
displayed distinct effects on the HTLV-1 proviral loads after
experimental ex vivo infection. The SQL derivative FZ149
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FIG. 4. Altered growth kinetics of PBMCs cocultured with irradiated HTLV-1-positive MT2 cells in the presence of various concentrations (0,
50, 100, and 250 pM) of SQLs (compounds KH161, FZ149, and FZ41) or DKAs (compounds L-731,988 and L-839,616). Cell preparation and
coculture were performed as detailed in the text. x axis, time (¢) that has elapsed from coculture (days); y axis, cell counts (10°).

increased the number of viral copies, but the remaining five
compounds significantly decreased the proviral loads. A dose-
dependent effect was clearly evidenced with the SQL KH161
and the DKA L-839,616, whereas no significant differences
were noted at concentrations between 50 and 100 pM for the
remaining three effective compounds. Overall, the antiviral

300

250

200 -

150 A

effects of the DKAs were greater than those of the SQLs in
vivo (Fig. 5), but the difference was significantly lower than that
observed in vitro (Fig. 2 and Table 1).

Effects of SQLs and DKAs on HTLV-1 integration events ex
vivo. As the HTLV-1 proviral load depends on the combi-
nation of new integration events and the subsequent clonal

proviral load (arbitrary unit)

100 I
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FIG. 5. Effects of IN inhibitors on HTLV-1 proviral loads after coculture of PBMCs with irradiated HTLV-1-positive MT2 cells in the presence
of 0, 50, and 100 uM of SQLs or DKAs. DNA was extracted at 7 days of coculture, and for each concentration, real-time quantitative PCR was
carried out in triplicate, as detailed in the text. In the absence of compound, proviral loads were set to 100 units in order to better compare the
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FIG. 6. Effects of the IN inhibitors L-731,988 (A) and FZ149 (B) on HTLV-1 integration. (Left) Clonality of HTLV-1-positive cells over time
in the presence of various concentrations (0, 50, or 100 wM) of inhibitor. Inhibitor concentrations and days of analysis are given at the bottom of
the gel. (Right) Temporal (day 7, 14, and 21) fluctuations of growth kinetics, proviral loads, and HTLV-1 integration frequency as a function of

IN inhibitor concentrations.

expansion of newly infected cells, the decreased proviral
loads observed with the efficient DKA or SQL derivatives
might result from a decreased number of integration events
specifically attributable to IN inhibitors, from the cellular
toxicity of the compounds, or from a combination thereof.
We therefore investigated the effects of the IN inhibitors on
the number of new integration events following experimen-
tal infection. To this end, we measured the frequency of new
integration events after coculture of fresh PBMCs with ir-
radiated MT2 cells in the presence of various concentrations
of an efficient IN inhibitor and an inefficient IN inhibitor,
i.e., L-731,988 and FZ149, respectively. The DKA L-731,988
was the most efficient HTLV-1 IN inhibitor both in vitro
(Table 1) and ex vivo (Fig. 5), while its CCs, was in the lower
range (518 wM). In contrast, the SQL FZ149, which had a
CCs, of 258 pM, was more than 10 times less efficient in
vitro (approximate ICs,, 7.2 wM) and had no antiviral effect
in vivo (Fig. 5). Figure 6A represents the HTLV-1 integra-

tion patterns of experimentally infected PBMCs in the pres-
ence of various concentrations of L-731,988. As observed for
the proviral loads on day 7 (Fig. 5), the number of HTLV-1
integration events decreased in a concentration-dependent
manner. On day 14, no signal could be obtained at 100 wM,
whereas on day 21, no signal was observed at 50 and 100
wM. At each time point the number of HTLV-1 integration
sites detected decreased with a steeper slope than that re-
flecting the cellular toxicity of L-731,988. Therefore, after
experimental infection, the significant negative effect of
L-731,988 on proviral loads correlated with its strong neg-
ative effect on HTLV-1 integration. In contrast to
L-731,988, the SQL FZ149 had only a little effect on
HTLV-1 integration ex vivo. As can be seen from Fig. 6B,
this negative effect was modest and was observed only at 100
nM, 7 days after the initiation of the experimental infection.
In contrast to the observation made with L-731,988 (Fig.
6A), no significant variation in the number of subsequent
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HTLV-1 integration events could be observed over time
(Fig. 6B). Therefore, after experimental infection, the ab-
sence of an effect of FZ149 on the proviral loads (Fig. 5)
correlated with the absence of an effect of FZ149 on
HTLV-1 integration. Furthermore, data from Fig. 5 and 6
suggest that FZ149 actually stimulates infection. In addition
to L-731,966, the remaining three compounds tested de-
creased both the HTLV-1 proviral loads and the numbers of
integration events. For these four efficient IN inhibitors, the
correlation between the proviral loads and the number of
integration events on day 7 of coculture was statistically
significant (P < 0.02; R of ~0.7, Spearman rank correla-
tion).

Together, these results indicate that the antiviral effect of
efficient IN inhibitors on HTLV-1 evidenced in vivo depends
on a bona fide inhibition of HTLV-1 integration. It is of note
that the antiviral effects of the IN inhibitors on HTLV-1 in vivo
(Fig. 5 and 6) paralleled their inhibitory effects on strand
transfer in vitro (Table 1).

DISCUSSION

Our data demonstrate that selected anti-HIV IN inhibitors
also inhibit HTLV-1 integration both in vitro and ex vivo. This
is the first evidence that drugs target the same mechanism in
both viruses, i.e., the integration of viral cDNA in host cell
DNA. Very recent work has shown that HIV-1 IN inhibitors
can inhibit other retroviral/retroelement recombinases (12,
46). In vitro, HTLV-1 and HIV-1 strains have been found to be
equally susceptible to nucleoside reverse transcriptase inhibi-
tors, such as zidovudine, zalcitabine, didanosine and stavudine
(21). However, using a quantitative reverse transcriptase activ-
ity assay, Garcia-Lerma et al. (21) have demonstrated that
high-level resistance to lamivudine is characteristic of HTLV-1
isolates. Similarly, Balestrieri et al. have demonstrated ex vivo
that lamivudine possesses an antiviral effect against HTLV-1
that does not interfere with HTLV-1 reverse transcription (2).
The combination of zidovudine and interferon has been found
to be effective in some ATLL cases (3, 25), but there is no
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evidence zidovudine has a specific effect on HTLV-1 reverse
transcription (4, 14). More recently, the protease inhibitor
ritonavir has been found to exert an antileukemic effect against
ATLL cells ex vivo (17). Again, this effect is not based on
activity against the HTLV-1 protease but, rather, is based on
the ritonavir-dependent inhibition of NF-«kB transcriptional
activation in ATLL cells. Ex vivo, HIV IN inhibition may lead
to the selection of resistant strains that harbor substitutions in
the IN gene, demonstrating that IN is the relevant target of
these drugs (43). Our system precludes the detection of such
mutants because after experimental infection, HTLV-1-bear-
ing cells proliferate ex vivo, without evidence of a frequent
horizontal viral replicative cycle (7). However, the effects of
the efficient SOL and DKA derivatives against HTLV-1 were
found here to result from a dramatic decrease in the number of
new integration events. Thus, one can reasonably propose that
the anti-HTLV-1 activities of the SQLs or the DKAs result
from an inhibition of the integration process.

Figure 6A shows that no integrated HTLV-1 proviral se-
quence could be detected on day 21 after experimental infec-
tion when cocultures were performed in the presence of the
DKA L-731,988 at a concentration of 100 M, suggesting that
complete clearance of the virus could be obtained with IN
inhibitors in the absence of significant cellular toxicity. To our
knowledge, this is the first example of drugs that produce
specific effects against HTLV-1. The question that arises is
whether IN inhibitors can be used for the treatment of
HTLV-1 infection. As mentioned above, the replicative pat-
tern of the virus mainly involves the clonal expansion of its
CD4" and CD8™ host cells. The blocking of integration would
thus be of little interest during the chronic phase of the infec-
tion. However, primary delta retroviral infection is character-
ized by a burst of horizontal viral replication (29, 37, 38),
meaning that IN inhibitors could be an option for the treat-
ment of early infection. The present results encourage the
development of clinical assays.
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